Abstract The extraordinary muscle growth potential of teleost fish, particular those of the Salmoninae clade, elicits questions about the regulation of the relatively highly conserved transcription factors of the myogenic program. The pseudotetraploid nature of the salmonid genome adds another layer of regulatory complexity that must be reconciled with epigenetic data to improve our understanding of the achievement of lifelong muscle growth in these fish. We identify three paralogous pax7 genes (pax7a1, pax7a2 and pax7b) in the rainbow trout genome. During in vitro myogenesis, pax7a1 transcripts remain stable, whereas pax7a2 and pax7b mRNAs increase in abundance, similarly to myogenin mRNAs but in contrast to the expression pattern of the mammalian ortholog. We also profile the distribution of repressive H3K27me3 and H3K9me3 and permissive H3K4me3 marks during in vitro myogenesis across these loci and find that pax7a2 expression is associated with decreased H3K27 trimethylation, whereas pax7b expression is correlated with decreased H3K9me3 and H3K27me3. These data link the unique differential expression of pax7 paralogs with epigenetic histone modifications in a vertebrate species displaying growth divergent from that of mammals and highlight an important divergence in the regulatory mechanisms of pax7 expression among vertebrates. The system described here provides a more comprehensive picture of the combinatorial control mechanisms orchestrating skeletal muscle growth in a salmonid, leading to a better understanding of myogenesis in this species and across Vertebrata more generally.
Introduction
Many teleost fish possess the extraordinary ability to augment their skeletal musculature throughout life (termed indeterminate muscle growth) as a result of the continuous formation of new fibers (myofiber hyperplasia) and increased size by hypertrophy of existing myofibers (Mommsen 2001; Johnston et al. 2011) . The muscle stem cells (called myosatellite cells, MSCs) are thought to be essential for these two processes (Lepper et al. 2011; Sambasivan et al. 2011) . Upon commitment, these cells engage in a myogenic program, allowing them to proliferate, differentiate and fuse with existing myofibers (hypertrophy) or with other myoblasts to form new myofibers (hyperplasia). MSCs are assumed to be controlled by highly conserved molecular networks that regulate myogenesis across growth paradigms and taxa (determinate and indeterminate growth; mammalian, fish and even invertebrate clades; Konstantinides and Averof 2014) but these networks are thought to vary enough in their expression patterns to allow MSCs from indeterminate growing organisms continuously to contribute to either hyperplasia and/or hypertrophy in the adult animal.
In this regard, we show that MSCs isolated from rainbow trout (an indeterminate growing fish) enter into the differentiation program by rapidly expressing the myogenic regulatory factor (MRF) transcription factors myoD1 and myogenin (Gabillard et al. 2010) . Interestingly, an "unexpected" increase of pax7 expression (a well-accepted marker of quiescent MSCs in mammals) in the cultures of MSCs undergoing differentiation into myotubes has been documented in a closely related species (Salmo salar), possibly reflecting the production of "quiescent reserve cells" (Bower and Johnston 2010) . Likewise, we recently demonstrated that MSCs from the indeterminately growing giant danio (Devario aequipinnatus) in culture gradually increase pax3 expression (another marker of quiescent MSCs in mammals) during a similar progression to myotubes (Froehlich et al. 2013a (Froehlich et al. , 2013b . These data support the hypothesis that the induced expression of these specific paired-box transcription factors (pax3/7) during the culture of MSCs is a common feature of indeterminate growing species and indicate the high selfrenewal of MSCs, a process needed for these cells continuously to contribute to hyperplasia and/or hypertrophy during the lifespan of these fishes (Froehlich et al. 2013a (Froehlich et al. , 2013b . However, few data exist detailing the way in which the expression of these Pax and MRF transcription factors is regulated in indeterminate growing organisms.
In mammals, the regulation of several genes involved in MSC activity has been shown to be under the strict control of epigenetic mechanisms through histone methylation (Perdiguero et al. 2009; Saccone and Puri 2010) . The consequences of histone methylation on transcriptional activation or repression depend on the site and degree of methylation. Histone lysine methylation can occur on histones H3 and H4 in monomethyl, dimethyl, or trimethyl states. Trimethylation of lysine 4, lysine 36, or lysine 79 of histone H3 (H3K4, H3K36, or H3K79) is generally associated with euchromatin and transcriptional activity (i.e., a "permissive" state; Wang et al. 2001; Feng et al. 2002; Krogan et al. 2003a Krogan et al. , 2003b . Conversely, di-or trimethylation of lysine 9 or lysine 27 of histone H3 (H3K9 or H3K27) and trimethylation of lysine 20 on histone H4 (H4K20) are correlated with heterochromatin formation and transcriptional repression (Rea et al. 2000; Nakayama et al. 2001; Tachibana et al. 2001; Cao et al. 2002; Schultz et al. 2002; Schotta et al. 2004) . Histone methylation, however, is not a permanent state. Thus, genomic regions are subjected to the opposing actions of methylation and demethylation in a dynamic manner, thereby ensuring a transcriptional response to altered organismal and/or environmental conditions. In this regard, the coordination of methylation events at H3K4, H3K9 and H3K27 in the promoters of genes coding for various Pax and MRF transcription factors (pax3/7, myf5, myoD1 and myogenin) has been demonstrated to regulate many aspects of MSCs activation, proliferation and differentiation in mammals (Sebastian et al. 2009; Palacios et al. 2010; Stojic et al. 2011; Taberlay et al. 2011; Tao et al. 2011; Diao et al. 2012; Kawabe et al. 2012; Ling et al. 2012; Sdek et al. 2013; Wang et al. 2013) . However, no information detailing the epigenetic regulation of myogenesis in indeterminate growing organisms is available in the literature. In the present study, we therefore sought to profile the distribution of H3K27me3, H3K9me3 and H3K4me3 marks during in vitro myogenesis in rainbow trout across loci with substantially different roles in the control of myogenesis: pax7, in the commitment and survival of MSCs; and myogenin, in the terminal differentiation of myotubes.
Materials and methods

In silico analysis of pax7 genes
The presence of pax7 genes was queried against the rainbow trout genome (Berthelot et al. 2014 ) with a BLAST search in SIGENAE databases (http://www.sigenae.org/). The new sequences of rainbow trout pax7a1, pax7a2 and pax7b genes are available in the Genoscope database (www.genoscope.cns. fr/trout) under the numbers GSONMG00081386001, GSONMG00061433001 and GSONMG00027288001, respectively. The phylogenetic analysis was carried out with Pax7 amino acid sequences available on the Ensembl Genome database (Homo sapiens, Ensembl ID: ENSP00000403389; Mus musculus, Ensembl ID: ENSMUSP00000030508; Danio rerio, Ensembl ID: ENSDARP00000123695 and ENSDARP00000108935; Astyanax mexicanus, Ensembl ID: ENSAMXP00000003905 and ENSAMXP00000025517) and GenBank (Branchiostoma floridae, GenBank ID: AAF89581. 1). The phylogenetic tree was constructed by the NeighborJoining (NJ) method by using Molecular Evolutionary Genetics Analysis (MEGA) software version 6.0 (Tamura et al. 2013) . The reliability of the inferred tree was estimated by using the bootstrap method with 500 replications. The amphioxus Pax7 sequence was used to root the tree. The Genomicus software program (http://www.genomicus. biologie.ens.fr/genomicus-trout-01.01/cgi-bin/search.pl) was used to identify syntenic genes that were located near the pax7 genes of various vertebrate species.
Isolation of trout myosatellite cells
For all studies, MSCs were isolated from juvenile rainbow trout (Oncorhynchus mykiss; 15-45 g, depending on culture and availability) essentially as previously described (Froehlich et al. 2014 (Gabillard et al. 2010 ).
Analysis of cell proliferation
On days 2, 4 and 8 of culture, 10 μM bromodeoxyuridine (BrdU) was added and cells were cultured for the following 24 h. The cells were then fixed with ethanol/glycine buffer (70 % ethanol, 50 mM glycine, pH 2). The proliferation of the cells was measured by using a BrdU labeling and detection kit (Roche Diagnostics, no. 1 296 736). Briefly, the cells were incubated for 30 min at 37°C with mouse anti-BrdU, washed and then incubated for 30 min with secondary anti-mouse antibody conjugated to fluorescein isothiocyanate. Cells were then mounted in Mowiol containing 0.5 μg/ml 4,6-diamidino-2-phenyylindole (DAPI).
Immunofluorescence analysis
Cells on glass coverslips were briefly washed twice with phosphate-buffered saline (PBS) and fixed for 10 min with 4 % paraformaldehyde in PBS. For permeabilization, cells were incubated 3 min in 0.1 % Triton X-100/PBS. After three washes, cells were saturated for 1 h with 3 % bovine serum albumin (BSA), 0.1 % Tween-20 in PBS (PBST). Cells were incubated for 3 h with the primary antibodies, namely antimyosin heavy chain (MyHC) and anti-myogenin diluted in blocking buffer (Gabillard et al. 2010 ). The secondary antibodies were diluted in PBST and applied for 1 h. Cells were mounted with Mowiol 4-88 (#475904, Calbiochem) containing Hoescht (0.5 μg/ml). Cells were photographed by using a Canon digital camera coupled to a Canon 90i microscope.
Gene expression analysis
Total RNA samples were extracted from cells by using TRIzol reagent (Invitrogen, Carlsbad, Calif., USA), according to the manufacturer's recommendations. One microgram of the resulting total RNA was reverse-transcribed into cDNA by using the SuperScript III RNase H Reverse Transcriptase kit (Invitrogen) and random primers (Promega, Charbonnières, France), according to the manufacturers' instructions. Target gene expression levels were determined by RT-qPCR with specific primers ( Pfaffl et al. 2002) . PCR was performed by using 10 μl diluted cDNA mixed with five picomoles of each primer in a final volume of 25 μl. The PCR protocol was initiated at 95°C for 3 min for initial denaturation of the cDNA and hot-start iTaq TM DNA polymerase activation, followed by a two-step amplification program (20 s at 95°C followed by 30 s at specific primer hybridization temperature) repeated 40 times. Melting curves were systematically monitored (temperature gradient at 0.5°C/10 s from 55 to 94°C) at the end of the last amplification cycle to confirm the specificity of the amplification reaction. The various PCR products were initially sequenced to confirm the identities of the amplicons. Each PCR run included replicate samples (duplicates of reverse transcription and duplicates of PCR amplification) and negative controls (reverse-transcriptase-free samples, NRT; RNA-free samples, NTC).
Chromatin immunoprecipitation
On days 2, 4 and 8 of culture, MSCs, myoblasts, or nascent myotubes were fixed in 1 % methanol-free formaldehyde (16 % diluted in serum-free DMEM immediately prior to fixation) for 10 min at room temperature. Formaldehyde was neutralized by the addition of 2.5 M glycine for 5 min. Fixed cells were then washed twice in ice-cold 0.01 M PBS. Next, 1 ml ice-cold 0.01 M PBS containing protease inhibitors (HALT; Pierce) was added and three wells were pooled for each ChIP sample (i.e., negative/mock ChIP control, total H3, H3K4me3, H3K9me3 and H3K27me3) by scraping cells into a microcentrifuge tube and pelleting the cells at 3000g for 5 min. Samples were stored at −80°C until the preparation of chromatin and subsequent immunoprecipitation. Chromatin preparation and subsequent immunoprecipitation were completed by using a commercial kit (Pierce Agarose ChIP Kit) according to the manufacturer's instructions (Pierce) with modifications. Nuclei were extracted by using a membrane extraction buffer spiked with HALT cocktail (Pierce kit) and centrifuged at 6000g for 3 min. Intact nuclei were then resuspended in 10 mM TRIS/1 mM EDTA/1 % SDS sonication buffer and sonicated 13-15 times on ice (15-s pulses followed by 2-min rests) until the chromatin was 100-800 bps in size, with the median being~300 bp. Prior to incubation with primary antibodies, chromatin was cleared of any cross-reactivity to agarose by incubating the isolated chromatin with agarose beads (5× input ChIP volume; Pierce Agarose Negative Control Resin) for 6 h at 4°C before the chromatin was passed through columns provided with the kit. Chromatin was diluted in 1× dilution buffer (provided with the Pierce kit) 1:2 before the addition of antibodies. Cross-reactive antibodies, previously identified as appropriate for use in zebrafish (Wardle et al. 2006) , were obtained from Abcam (Cambridge, Mass. USA) and used at dilutions recommended by the manufacturer (10 μg normal rabbit IgG; 10 μg anti-H3; 10 μg anti-H3K4me3; 10 μg anti-H3K9me3; 10 μg anti-H3K27me3 per ChIP) with overnight (~18 h) i n c u b a t i o n s . D N A -p r o t e i n c o m p l e x e s w e r e immunoprecipitated by using protein A/G-agarose beads, blocked in sonicated DNA/native DNA isolated from CHO cells (~3 million per 0.6 ml of beads) and BSA (10 mg/ml) prior to use, for 1 h, followed by three 5-min washes with each buffer (3 buffers=9 washes; Pierce kit). Elution from agarose beads was performed as recommended by the manufacturer. Formaldehyde crosslinks of protein to DNA were released by overnight (~18 h) incubation at 65°C in 5 M NaCl/elution buffer by using proteinase K (20 mg/ml; Pierce). Following DNA isolation in the provided columns, upstream regions of interest were identified by using previous mammalian data (Palacios et al. 2010; Seenundun et al. 2010 ) and the ChIP-seq data from the Encyclopedia of DNA Elements (ENCODE) database available at the UCSC Genome Browser (http:// genome-euro.ucsc.edu/index.html) were analyzed by qPCR by using primer sets designed in Primer3 (Rozen and Skaletsky 2000; see Table 2 ) with the following cycling parameters: 1 cycle, 95°C for 3 min; 40 cycles, 95°C for 15 s, 60°C for 30 s, 72°C for 15 s. Samples were run in duplicate, with the appropriate 10 % input and DNA-free controls and dissociation curves following amplification. In advance of both types of PCR analysis, primer sets were validated by using genomic DNA isolated from rainbow trout MSCs and found to amplify the intended targets of interest. All primer sets were validated to recognize gene promoter regions enriched in H3 proteins by using total H3 immunoprecipitation. C q values were used to calculate the % input for each experimental and mock sample.
Statistical analysis
Results for proliferation, differentiation and RT-qPCR are expressed as means±SEM and were analyzed by one-way analysis of variance (ANOVA) followed by the StudentNewman-Keuls test. For ChIP data, enrichment is expressed as percent-input (% input) after correction for dilution (1:10; −3.32 C q ). Data were analyzed by one-way ANOVA followed by Tukey's post-hoc test. For all statistical analyses, the level of significance was set at P<0.05. All the experiments were performed twice. Within an experiment, results for each time point were obtained from three replicates (for the ChIP analysis), four replicates (for the proliferation and differentiation assays) and six replicates (for the RT-qPCR analysis).
Results
Three orthologs of mammalian pax7 exist in rainbow trout genome
Using the recent availability of the rainbow trout genome assembly (Berthelot et al. 2014) , we identified three genes (Genoscope accession numbers: GSONMG00081386001, GSONMG00061433001 and GSONMG00027288001) displaying high homology (E-value >2e-40) with BLAST search in SIGENAE databases (http://www.sigenae.org/) with the two trout sequences of pax7 previously available in GenBank (GenBank ID: NM_001258337 and NM_ 001258336). The phylogenetic analysis performed by using the full-length Pax7 protein sequences of several vertebrate species and the amphioxus (Branchiostoma floridae) Pax3/7 sequence as an outgroup showed that the two trout sequences (GSONMG00081386001 and GSONMG00061433001), sharing the highest identity with the previously annotated NM_001258336 and NM_001258337 (99.7 % and 100 % identity, respectively), clustered with zebrafish (Danio rerio) and cave fish (Astyanax mexicanus) Pax7a, whereas the third sequence (GSONMG00027288001) was most similar to zebrafish and cave fish Pax7b (Fig. 1) . These results suggested that the two former trout genes (GSONMG00081386001 and GSONMG00061433001) were paralogous genes and coorthologous to the characid and cyprinid pax7a gene, whereas the third gene (GSONMG00027288001) was orthologous to the characid and cyprinid pax7b gene. Our syntenic analysis showed that the tetrapod pax7 gene was localized in the igsf21-tas1r2-kiaa0090-akr7a3 syntenic group (Fig. 2) . Interestingly, a syntenic conservation of this region was found with two distinct chromosomal regions of the zebrafish genome, which included the duplicated copies of pax7, tas1r3 and akr7a3 (Fig. 2) . In addition, duplicated copies of errfl1 (a and b) were found to be syntenic with pax7a and pax7b. The syntenic region around the pax7a and pax7b loci in zebrafish was conserved in other teleost species but to a lesser extent. With the newly sequenced rainbow trout genome, our syntenic analysis showed that the GSONMG00081386001 (pax7a1) and GSONMG00061433001 (pax7a2) genes were localized on two distinct scaffolds (scaffold_8 and scaffold _1156 carrying the genes GSONMG00081386001 and GSONMG00061433001, respectively). The synteny around the pax7a locus in zebrafish and medaka (akr7a3a-park7-errfi1a-tas1r3) was well conserved around these two genes indicating an additional duplication of pax7a in rainbow trout, thus giving birth to pax7a1 and pax7a2. With regard to the third identified trout pax7 gene, the syntenic analysis showed that it was localized in the zgc:154075-errfi1b-pax7b-akr7a3b syntenic group conserved around the pax7b locus in zebrafish, confirming that this gene is related to pax7b of other teleosts. Interestingly, the synteny around the pax7b locus revealed a certain degree of chromosomal rearrangement in this genomic region between the zebrafish and the rainbow trout on one hand and other teleosts (e.g., medaka, stickleback and fugu) on Fig. 1 Phylogenetic analysis of pax7 carried out by using Molecular Evolutionary Genetics Analysis (MEGA) software version 6.0. The phylogenetic tree was constructed by using the Neighbor-Joining (NJ) method. The reliability of the inferred tree was estimated by using the bootstrap method with 500 replications. The amphioxus pax7 sequence (Branchiostoma floridae, GenBank ID: AAF89581.1) was used to root the tree. Proteins accession numbers are listed in brackets Fig. 2 Syntenic analysis of pax7. Conserved synteny around the pax7 loci in tetrapods and teleosts. The Genomicus software program (http://www. genomicus.biologie.ens.fr/genomicus-trout-01.01/cgi-bin/search.pl) was used to identify syntenic genes that were located near the pax7 genes of various vertebrate species the other, although the genetic environment was overall conserved. Furthermore, we did not find any duplication of genes surrounding the pax7b locus (errfi1b-pax7b-akr7a3b) in the trout genome, whereas our analysis revealed a duplication of the close locus tas1r1b1-igsf21b-vps13d. Taken together, these results revealed that the rainbow trout genome holds three pax7 paralogs, namely pax7a1 (GSONMG00081386001), pax7a2 (GSONMG00061433001) and pax7b (GSONMG00027288001).
pax7 paralogous genes are differently expressed during in vitro myogenesis
MSCs isolated from white muscle of juvenile rainbow trout were then used to monitor the expression of pax7a1, pax7a2 and pax7b during in vitro myogenesis. As shown in Fig. 3a , the cells (seeded at day 0) started to proliferate (as determined by measuring the incorporation of BrdU) at day 2 of culture and reached a peak at day 4. The proliferation rate subsequently decreased after 8 days of culture. Concurrently, the myogenic index of cultured cells (as determined by myogenin and MyHC immunoreactivity) increased from day 2 to day 8 (Fig. 3b) . These results demonstrated that isolated trout MSCs progressed through the myogenic program to myotubes and validated their use as an in vitro model of myogenesis. In this regard, myoD1 and myogenin transcripts increased at day 8 of culture and those of the S phase marker PCNA (proliferating cell nuclear antigen) paralleled the incorporation of BrdU (Fig. 4a-c) . Interestingly, pax7a1 transcripts remained stable during the culture period and those of pax7a2 and pax7b increased from 2 to 8 days ( Fig. 4d-f) . Together, these results suggest that the control of the expression of these pax7 paralogs diverged during evolution and make these genes relevant models for a better understanding of the evolutionary fate of duplicated genes.
H3K27me3, H3K9me3, and H3K4me3 profiling across the three pax7 loci reveals a complex regulatory schema
The regulation of the expression of several genes involved in myogenesis has been shown to be under the strict control of epigenetic imprinting through histone methylation. Therefore, ChIP was used to profile the distribution of H3K27me3, H3K9me3 and H3K4me3 across myogenin and pax7 loci (Figs. 5a, 6a ) during in vitro myogenesis in rainbow trout. The results showed an enrichment in repressive H3K27me3 and H3K9me3 marks throughout the upstream regions of myogenin on day 2, followed by an extensive loss of these histone modifications thereafter at day 4 and day 8 (Fig. 5b, c, i) . In contrast, H3K4me3 levels remained relatively low at these loci in day 2 and displayed an increase at days 4 and 8 (Fig. 5d, g, j) . Together, these results agreed with the increase of the mRNA levels of myogenin from day 2 to day 8 (Fig. 4c) and suggested that the expression of myogenin was regulated through the antagonistic action of repressive H3K9me3/H3K27me3 and permissive H3K4me3 marks. In contrast, pax7a1, which presented stable expression over the culture period (Fig. 4d) , switched at the targeted locus from a transcriptionally repressive state of H3K27me3 and H3K9me3 marked chromatin to the transcriptionally permissive state of H3K4me3 marked chromatin, during the progression of MSCs to myotubes (Fig. 6b-d) , suggesting that regulation occurred at a different target locus or through different means. Conversely, the increase in pax7a2 and pax7b mRNA abundance (Fig. 4e, f) was associated with a statistical decrease in H3K27me3 levels for the former gene and in H3K27me3 and H3K9me3 levels for the latter gene at the monitored locus (Fig. 6e-j) .
Discussion
Ever since Neil Stickland (Stickland 1983 ) first documented both hyperplastic and hypertrophic skeletal muscle growth in the postlarval rainbow trout, much interest has been shown in understanding the way that these fish are able to form such a large number of myofibers outside of the embryonic and larval periods of development. Of particular importance have been in vitro studies in which MSCs can be isolated to assess their potential contribution to the muscle growth of these fish (Gabillard et al. 2010; Froehlich et al. 2014 ). Using such an in vitro model for experimentation, Neil Bower and Ian Johnston (Bower and Johnston 2010) documented that pax7 expression is up-regulated during the differentiation of MSCs from Atlantic salmon (Salmo salar). Pax7, the canonical marker of MSCs in birds and mammals (Seale et al. 2000; Halevy et al. 2004) , is rapidly down-regulated upon induction of MSC differentiation in rodents, birds and Xenopus (Halevy et al. 2004; Zammit et al. 2004; Yamane and Nishikawa 2013) , in agreement with its function in the survival and quiescence of MSCs. Thus, the continued expression of the pax7 transcript seen in salmonid fishes is highly unusual in light of the current literature and warrants further investigation. In the present study, we identified three pax7 paralogous genes in the recently available rainbow trout genome assembly (Berthelot et al. 2014) . Based on phylogenetic analysis, we showed that two of these newly identified isoforms (pax7a1, pax7a2) belong to the pax7a clade, whereas the third (pax7b) is orthologous to the characid and cyprinid pax7b gene. Previously, two pax7 cDNA sequences had been available in GenBank: NM_ 001258337.1, initially named pax7a and now renamed pax7a2 and NM_001258336.1 initially renamed pax7b and now further renamed pax7a1. The single promoter sequence originally deposited in GenBank by P.Y. Rescan and C. Ralliere (FJ713022.1) is that of our newly coined pax7a2. Together, the phylogenetic analysis and synteny conservation data strongly suggest that a single copy of pax7 was present in the vertebrate ancestor and that a duplication of the pax7 gene occurred together with the teleost-specific whole-genome duplication (WGD) 225 to 333 million years ago (Amores et al. 1998; Jaillon et al. 2004; Hurley et al. 2007; Santini et al. 2009; Near et al. 2012) , giving rise to pax7a and pax7b paralogs in the common teleost ancestor. Our results also show that the two identified trout pax7a1 and pax7a2 genes are co-orthologous to the zebrafish pax7a, suggesting that they resulted from the additional and relatively recent salmonid-specific WGD event (the 4th salmonid-specific WGD or Ss4R) around 100 million years ago (Berthelot et al. 2014; Macqueen and Johnston 2014) . However, we failed to identify any duplicated gene for the syntenic group containing pax7b, possibly because of the recently described loss of half of the duplicated protein-coding genes in the rainbow trout genome (Berthelot et al. 2014) . Taken together, these results demonstrate that the rainbow trout Immunopurified DNA was then quantified by qPCR with primer sets that recognized the various regions indicated in a. Values are means±SE, n=3 (mean of two replications). They were analyzed by one-way ANOVA followed by Tukey's post-hoc test for multiple comparisons (P<0.05). Different letters represent significantly different values. nd=no difference detected offers, with its three pax7 paralog genes, a unique opportunity to improve our understanding of the divergence in function of the best marker currently known for MSCs.
RT-qPCR analysis revealed that these three pax7 paralogs are differentially expressed during the differentiation of isolated trout MSCs, in agreement with the recently described substantial number of Ss4R paralogs that have strongly diverged in terms of their expression profiles and/or expression levels (Berthelot et al. 2014) . Whereas pax7a1 transcript levels remain stable over the culture period, pax7a2 and pax7b transcripts significantly increase on day 8 of culture, a time point at which myotubes have formed in this cell culture model. Such an increase in pax7 expression during the myogenic progression to myotubes has been documented in the closely related species Salmo salar (Bower and Johnston Fig. 6 Methylation of H3 at the pax7a1, pax7a2 and pax7b genes in isolated trout MSCs cultured in DMEM with 10 % FBS for 4 days and with 2 % FBS for an additional 4 days. a Representation of the pax7 paralogous genes (ATG start codon, gray box first exon). PRO (proximal upstream region) indicates the location on the pax7 genes at which the used primer sets localized for analysis in ChIP studies. b-j ChIP analyses of the temporal (days 2, 4 and 8) changes in H3K27me3 (b, e, h), H3K9me3 (c, f, i) and H3K4me3 (d, g, j) enrichment across the pax7a1 (b-d), pax7a2 (e-g) and pax7b (h-j) genes. Chromatin isolated from trout myogenic cells at various stages of proliferation and differentiation (days 2, 4 and 8) was subjected to immunoprecipitation by using either an anti-H3K27me3, anti-H3K9me3, or anti-H3K4me3 antibody. Immunopurified DNA was then quantified by qPCR with the primer set that recognized specifically the targeted pax7 gene (a1, a2, or b) at the region indicated in a. Values are means±SE, n=3 (mean of two replications). They were analyzed by one-way ANOVA followed by Tukey's post-hoc test for multiple comparisons (P<0.05). Different letters represent significantly different values (nd no difference detected) 2010). Similarly, we recently demonstrated that the expression of pax3 (another marker of MSCs in mammals) increases during a similar myogenic progression to myotubes in the indeterminately growing giant danio (Devario aequipinnatus; Froehlich et al. 2013a Froehlich et al. , 2013b . In mammalian myogenic cell cultures, pax7 is not expressed in differentiated myotubes but is maintained in a smaller accompanying population of undifferentiated cells that stops proliferating and returns to a nonproliferating state reminiscent of the quiescent reserve MSCs, which can then re-enter the cell cycle, proliferate and differentiate (Kitzmann et al. 1998; Yoshida et al. 1998) . By analogy with these data, our results indicate that the increase in pax3/7 expression during the myogenic progression to myotubes in indeterminate growing organisms is involved with the continuous formation of new fibers through the enhanced production of reserve MSCs. In this regard, analysis of the mechanisms involved in the regulation of the expression of these genes is paramount for understanding the way that these fish are able to form such a large number of myofibers outside of the embryonic and larval stages of development and growth. Comprehension of the mechanisms underlying differences in pax7 paralog expression is also of particular importance from an evolutionary point of view. Following WGD, the remaining paralogs could acquire new expression patterns, potentially leading to neo-or subfunctionalization (Force et al. 1999 ). This suggests that evolution after WGD might also have acted upon the regulatory regions of paralogous genes, leading to subsequent silencing, subfunctionalization, or neofunctionalization. Thus, the identification of the regulatory mechanisms affected by and/or modified between paralogous genes might lead to a better understanding of the evolutionary fate of genes within a duplicated vertebrate genome.
In mammals, the transcriptional state of several muscle-specific genes such as myogenin or pax7 has been shown to be associated with repressive H3K27me3 and H3K9me3 and permissive H3K4me3 chromatin marks (Mal 2006; Rampalli et al. 2007; Palacios et al. 2010; Mozzetta et al. 2011; Stojic et al. 2011) . In the present study, we therefore sought to profile the distribution of H3K27me3, H3K9me3 and H3K4me3 marks across the three pax7 loci and the myogenin locus during in vitro myogenesis in the rainbow trout. The obtained results show that, during the myogenic progression to myotubes, the myogenin locus appears to be modified from a transcriptionally repressive state (i.e., H3K27me3-and H3K9me3-enriched chromatin) to a transcriptionally permissive state (i.e., H3K4me3-enriched chromatin), in close agreement with previous findings obtained in C2C12 cell lines (Mal 2006; Rampalli et al. 2007; Seenundun et al. 2010) . According to these studies, the proper temporal and spatial pattern of myogenin expression is established through the control of these repressive and permissive histone modifications mediated by the antagonistic functions of Polycomb group (PcG) and Trithorax group (TrxG) proteins (Mal 2006; Rampalli et al. 2007 ) and the action of histone lysine demethylases (Seenundun et al. 2010; Verrier et al. 2011) . Although all of these factors remain to be characterized in fish, the parallel between the expression of myogenin and the monitored epigenetic marks in our cell culture model suggest the good conservation of these regulatory mechanisms among vertebrates. However, results obtained for the three trout pax7 genes appear to indicate a more complex regulatory schema. Indeed, pax7a1, with stable expression over the culture period, switches from a transcriptionally repressive state (i.e., H3K27me3-and H3K9me3-enriched chromatin) to a transcriptionally permissive state (i.e., H3K4me3-enriched chromatin) during in vitro myogenesis. Such a discrepancy between mRNA expression and histone methylation might be the result of timing and an increase in the expression of pax7a1 might not become detectable until later time points. However, we cannot rule out the possibility that other post-translational modifications to exposed histone amino acid residues (acetylation, phosphorylation, mono-/di-/tri-methylation) are at play in the control of the expression of this gene. Conversely, the increase in pax7a2 and pax7b mRNA abundance is clearly associated with a statistical decrease in H3K27me3 levels for the pax7a2 paralog and in H3K27me3 and H3K9me3 levels for the pax7b paralog. Interestingly, previous findings in other systems demonstrated increasing levels in the promoter region of pax7 during the myotube differentiation of murine MSCs (Palacios et al. 2010 ). These contrasting results highlight a possible divergence in the regulatory mechanisms of pax7 expression among vertebrates. Whether this difference in histone modifications and chromatin accessibility contributes to the increase in pax7a2 and pax7b expression during the in vitro myogenic program is worth investigating. Further studies are also warranted to describe a role for the "atypical" expression of pax7 paralogs in the extraordinary ability of trout to augment their skeletal musculature throughout life.
This report, linking the highly unique differential expression of pax7 paralogs with epigenetic histone modifications, provides a platform for future studies aimed at improving our comprehension of myogenesis in this indeterminate growing species and other teleost fishes. Information from these studies will be critical not only for the mechanistic understanding of the indeterminate growth paradigm but also for a more complete understanding of the evolutionary fate of duplicated genes (and genomes) in Vertebrata.
